The effects of methadone 10 mg administered in two different clinical contexts, at induction of anaesthesia and following operation, were studied in two groups of patients undergoing elective total hip replacement. The intraoperative group received methadone 10 mg i.v. at induction of anaesthesia as part of a balanced anaesthetic technique. The postoperative group received methadone 10 mg i.v. following operation, extradural bupivacaine being used for the operative period. A demand nnalgi^in system delivering methadone i.v. was used after operation in both groups. Arterial blood-gas tensions, cortisol and glucose concentrationj, analgesic effects and plasma methadone concentrations were compared in the two groups. The only major difference between the two groups was in analgesic requirement. At the time of connection to the demand system the two groups had the same plasma methadone concentrations. Subsequently, the postoperative group had a significantly greater analgesic requirement which resulted in significantly greater plasma methadone concentrations the following morning. Thus, the administration of methadone following operation appeared to exert less analgesic effect than the same dose given during operation. The reasons for this are discussed.
Opioid analgesic drugs are the principal therapeutic agents administered in the relief of pain following surgery because they are simple to use, readily available, cheap and reasonably effective. Conventional therapy consists of intermittent i.m. administration of the drug in response to a complaint of pain. Drug, dose, route and timing may all be varied to improve analgesia. Such improvement can be achieved by regimens such as i.v. infusion (Rutter, Murphy and Dudley, 1980) , demand analgesia (Keeri-Szanto and Heaman, 1972; Jacobs et al., 1981) , or titrated injection i.v. followed by injection i.m. or infusion i.v. (Church, 1979; Fry, 1976) .
A choice exists between mandatory or on-demand administration and between prophylactic administration before the pain or administration once some degree of pain has occurred. Were it not for the known toxic effects of the opiates, prophylactic administration would be the obvious choice.
A controlled study was designed to compare the effect of giving a narcotic in two different clinical contexts, the same dose being given at induction of anaesthesia and mandatorily after surgery and the effects compared. The postoperative group received the drug irrespective of their degree of pain and this was the first opioid received; previous analgesia had been standardized by using regional analgesia and an inhalation agent for the period of operation. The intraoperative group consisted of patients receiving the same single dose of the same opioid by the same route, but at induction of anaesthesia. Thus they resembled a group receiving conventional balanced anaesthesia.
Methadone was chosen as the opioid because it is a pure agonist with a long terminal half-life (Inturrisi and Verebely, 1972) ; as such it fulfilled the anticipated analgesic requirements of both groups. The i.v. route was used to ensure complete availability.
Analgesic, respiratory and metabolic effects were compared in the two groups. Plasma methadone concentrations were measured to allow comparison of drug metabolism.
PATIENTS AND METHODS
Twenty-four patients undergoing elective total hip replacement were selected sequentially from operating lists at the Nuffield Orthopaedic Centre, Oxford. Approval for the study was obtained from the Hospital Ethics Committee.
Patients of both sexes (age range 40-75 yr; weight range 45-90 kg), with hacmatological and biochemical values within the physiological range, were studied. Any patient suffering from known cardiovascular, respiratory, hepatic, renal or endocrine disorder, or taking regular medication likely to interfere with the distribution of tissue blood flow was excluded from the study. The patients were randomly assigned to one of two groups, defined by the time when they received the dose of methadone. The intraoperative group (group I) received methadone 10 mg i.v. soon after the induction of anaesthesia. The postoperative group (group P) received methadone 10 mg i.v. following operation, 3h after induction. Lorazepam 2mg was administered, by mouth, to both groups 3 h before operation.
Anaesthesia: group I
Anaesthesia was induced with thiopentone 5mgkg~' i.v. and neuromuscular blockade produced with pancuronium 0.1 mgkg"
1 . The trachea was Lntubated and artificial ventilation of the lungs continued using 67% nitrous oxide and 0.5% halothane in oxygen, delivered through a Penlon coaxial circuit at a total fresh gas flow of 70 ml min" 1 kg"', with a measured expired tidal volume of 10 ml kg" 1 at 12 b.p.m. Normocapnia was maintained throughout. Halothane was used to avoid awareness and to suppress autonomic effects on the drug kinetics. A 20-gauge cannula was inserted in the radial artery. Approximately 15 min after induction, methadone 10 mg was given i.v. over 60s into an infusion. The timing of samples began at the end of the injection. Supplementary doses of pancuronium were not given and the administration of halothane discontinued approximately 15 min before the end of surgery. Residual neuromuscular blockade was antagonized with atropine 1.2mg and neostigmine 2.5mg i.v. Arterial blood samples were obtained for the estimation of methadone concentrations at 2, 5, 7.5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180, 210, 240, 270, 300, 330 , and 360 min. A baseline venous sample was taken before induction of anaesthesia. All blood samples were drawn into lithium heparin tubes, centrifuged, and the plasma separated at room temperature. Plasma was stored at -20°C until analysed.
Anaesthesia: group P
A lumbar extradural puncture was performed before the induction of anaesthesia and 0.5% plain bupivacaine 15-20 ml administered. After thiopentone 5mgkg"', the patient breathed spontaneously and anaesthesia was maintained with 67% nitrous oxide and 0.5% halothane in oxygen delivered to a face-mask through a Penlon coaxial circuit with a fresh gas flow of 150 ml min"'kg"
1 . A 20-gauge cannula was inserted to the radial artery. Ephedrine 0.3 mg i.v. was given if the systolic arterial pressure decreased to less than 60mmHg and atropine 0.3 mg i.v. if the heart rate was less than 50 beat min" 1 . The administration of halothane and nitrous oxide was discontinued at the end of surgery.
Following their operation (at 180 min after induction) patients in group P received methadone 10 mg i.v., over 60s into an infusion. Arterial blood samples were taken for methadone concentrations at 2, 5, 7.5, 10, 20, 30, 40, 60, 80, 100, 120, 150 , and 180 min after the methadone injection. A baseline venous sample was taken before induction; the samples were treated as in group I.
In both groups, arterial samples were taken during operation and at various times (table III) in the period after operation for the measurement of blood-gas tensions. Respiratory rate was recorded.
Arterial samples, for the determination of plasma glucose and cortisol concentrations, were taken from both groups at 30-min intervals for 6 h after the induction of anaesthesia. Venous blood was taken before the induction of anaesthesia and again the following morning, where possible, to permit measurement of plasma glucose and cortisol concentrations. The latter venous sample was used to estimate the plasma methadone in all the patients who had continued on demand analgesia until that time.
In both groups, fluid was replaced with Hartmann's solution 5 ml kg" 1 h"' for the first 2 h. This was followed by blood transfusion according to a specific formula. Blood loss during operation was estimated by swab weighing and calibrated suction. All patients were on a warming blanket during anaesthesia. The ECG, intra-arterial pressure, and nasopbaryngeal and peripheral temperatures, were monitored continuously.
Following operation all patients remained in the recovery ward until the following day. They breathed 28% oxygen by Ventimask for the remainder of the study period.
Three hours after the injection of methadone all patients were connected to a demand analgesia system which had been explained to them previously (McQuay et al., 1980) . This operated under a proportional control law and delivered methadone 0.25 mg i.v. when the patient pressed a button; it was the only method of postoperative analgesia used until the patient left the recovery ward. A chart recorder was used to obtain a record of each analgesic demand against time.
Analytical procedures
Plasma methadone concentrations were measured by radioimmunoassay using 3 H-methadone from Research Triangle Institute (a gift from the National Institute for Drug Abuse) and methadone antiserum donated by Professor C. Inturrisi. Plasma glucose concentration was measured by a standard glucose oxidase procedure and the concentration of plasma cortisol by the method of Beardwell, Burke and Cope (1968) . Blood-gas tensions were measured using a Radiometer ABL2 blood-gas analyser.
Analysis of results
Demographic data, plasma methadone concentrations, the concentrations of glucose and cortisol, and respiratory measurements were compared between the two groups using Student's ttest. Kinetic parameters from which the clearance of methadone for the two groups was derived were obtained from NONLEN analysis (Metzler, Elfring and McEwen, 1974) using the formula for triexponential fits:
The demand analgesia results were analysed in two ways. The time to the fifth demand was used as an index of the duration of the effects of the methadone and the times for group I and group P were compared using the Mann-Whitney U test. As a measure of analgesic consumption, cumulative mean demands for each 15-min period up to 750 min (the time for which complete records were available for all patients; each time period then contained data from the same number of patients) for group I and group P were regressed against time (McQuay et al., 1980) . The slopes were compared using Student's rtest.
RESULTS
In both groups the anaesthetic was uneventful with no signs of inadequate analgesia during operation. Three patients in group P were given ephedrine and three atropine, as defined in the experimental programme. Recovery was uneventful. The frequency of nausea and vomiting was low. Failure of recording apparatus meant that data from only 20 patients were available for analysis of postoperative analgesic demands.
There were no significant differences between the groups (table I). The lack of significant difference for core temperature was important for equivalence of drug metabolism and distribution.
The mean methadone plasma concentrations for group I are shown in figure 1. Only the 6-h concentrations of group I are shown because those for group P were identical in the first 3h. There were no significant differences between the mean arterial plasma methadone concentrations in the two groups at the same time after injection, or between the mean weight-corrected concentrations. The clearance values for the two groups (table II) were not significantly different. Venous plasma methadone concentrations from the samples on the morning after surgery (table II) were significantly different for the two groups (P< 0.05).
Analysis of the demand analgesia records showed that the median time to fifth demand from the injection of methadone was 519.5 min for group I and 382.5min for group P. These values were not significantly different. Regression analysis of the plots of cumulative demands against time for the two groups gave a mean demand rate (table II) for group I significantly less than that for group P (P< 0.001: two-tailed ftest).
The mean respiratory measurements for the two groups are shown in table III. The significant difference in PacOj during operation was a result of the presence of spontaneous ventilation in group P compared with controlled ventilation in group I. Group I had a significantly slower respiratory rate than group P at 180 min, immediately before group P received the injection of methadone. Thirty minutes after that injection, group P had a slower respiratory rate than group I. It was noteworthy that significant differences between the two groups of patients for i°aco 2 or PaOz occurred only during the first 20 min after the injection of methadone in group P. The maximum recorded Paco 2 in group P was 8.74 kPa at lOmin after the dose, 8.51 kPa at 20min and 8.46kPaat 30 min.
The mean plasma glucose and cortisol concentrations for the two groups differed significantly only at 60 min after the induction of anaesthesia when group P had a significantly smaller plasma glucose concentration (P<0.02; two-tailed rtest). The concentrations at induction, at 360 min and the morning after surgery are shown in table I. The concentrations throughout were similar to those measured previously in similar groups of patients (McQuay et al., 1980; Watson et al., 1982) .
DISCUSSION
In this study, two comparable groups of patients underwent the same operation. The design of the study, with the use of different anaesthetic techniques, compared the effect of an opiate in these two different clinical contexts. The essential difference for the subsequent postoperative course was in the timing of the dose of opioid analgesic.
There was no significant effect of the two differently-timed doses on the metabolic responses in the period following surgery. While normal doses of opioids can suppress the stress response in some circumstances (McQuay et al., 1980; Cowen et al., 1982) , there was no evidence to suggest any suppressive effect of methadone in therapeutic doses on metabolism.
The only significant differences in respiration between the groups occurred early in the period after operation. Methadone 10 mg i.v. given immediately after operation produced significant changes in blood-gas tensions, but these were small and transient.
There were no differences in the plasma methadone concentrations between the groups at the same time after injection although, because group P received the injection of methadone 3 h after group I, they had significantly greater (approximately double after initial distribution) plasma concentrations in the 3 h studied after operation.
The only major difference between the two groups was in analgesic requirements. A priori, any difference was anticipated to be in the direction of a decrease in the demand rate and better pain control in group P because of the extradural analgesia during operation and the mandatory dose of methadone at 180 min. The opposite was observed. The demand rate in group P was approximately twice that in group I. The plasma methadone concentrations of the two groups at the time of connection to the demand system (3 h after the injection of methadone in both instances), were not significantly different (table II) . The plasma methadone concentrations the morning after surgery were significantly greater in group P, reflecting the greater demand. Thus, from equivalent plasma concentrations at the time of connection, group P had a greater mean demand rate resulting in a significantly greater plasma methadone concentration the following morning. The systemic plasma clearance of methadone was the same in the two groups and not different from that found in chronic methadone administration (Dole and Kreek, 1973) ; this supports the argument that the difference in methadone plasma concentrations was a result of the difference in demand rates, and not of a difference between the groups in the metabolism of methadone.
Therefore, it seems likely that the dose of methadone administered after operation had less analgesic effect than the same dose given during surgery. Patients in group P had greater plasma methadone concentrations the following morning. This is a definition of tolerance, and it implies that tolerance to methadone occurred in the patients in group P relative to group I. Acute tolerance is the most likely explanation. The study was not designed to prove that acute tolerance occurred; the question mark in the title expresses the uncertainty of this explanation of an unexpected result.
Such tolerance to large doses of fentanyl in an anaesthetic context had been reported . The induction of acute tolerance has been related in animals to the absence of pain at the time when the opioid is given; animals in pain at the time of injection did not develop tolerance (Colpaert et al., 1980) . Similarly, tolerance did not develop in man provided that the opioid dose and pain were balanced (Hanks, Twycross and Lloyd, 1981) .
The degree of pain in group P at the time of the methadone injection was not measured. However, 3 h after extradural blockade for total hip replacement in a similar group of patients, pain scores of zero were found (Watson et al., 1982) . Thus a pain-free state at the time of the postoperative methadone injection may be assumed and the administration of the mandatory dose of methadone when the patients were free of pain may have resulted in a decrease in the efficacy of the methadone.
An alternative explanation for the greater analgesic requirement in group P is that extradural blockade provides more effective suppression of the endogenous opioid response to the neurostimulatory effects of surgery (Brandt et al., 1978) . Thus, patients in group P may have produced less endogenous opioid, experienced more pain, and hence required more exogenous opioid (Tamsen et al., 1980) . The finding of acute tolerance to both fentanyl and methadone suggests that it may occur with other opioids. The finding of a linear increase in analgesic effect with linear increase in plasma concentrations of buprenorphine (Watson et al., 1982) is suggestive that partial agonists may behave differently from pure agonists. Such differences are apparent in the different context of low chronic-dependence liability of agonist-antagonists.
The clinical significance of tolerance in the period after operation is uncertain. Tolerance has associations with addiction, but the precise relation between these states is not clear. No clinically obvious sequelae of physical dependence were observed. Tolerance, operating at the upper dose range, would act to decrease the apparent variability of pharmacodynamic effect. This might encourage more liberal use of narcotics, but most clinicians would feel that the correct dose and regimen are those by which the desired effect is achieved from minimum dose.
By this criterion, the present study clearly favours conventional balanced anaesthesia against extradural blockade followed by mandatory opioid. If the basis of the difference relates to the nociceptive state at, and immediately subsequent to, the time of the opioid dose, generalization of the result suggests that on-demand analgesia may be more appropriate than mandatory, both during and following operation. The nociceptive stimulus must be balanced precisely against the effect of the opioid either by those looking after the patient or by the patient himself. These theoretical and practical problems suggest that acute tolerance deserves further study. 
COMPARAISON DES EFFETS DE LA METHADONE PENDANT ET APRES L'ACTE OPERATOIRE: TOLERANCE AIGUE

SUMARIO
En dos grupos de pacientes sometidos al reemplazo total electivo de la cadera, sc Mev6 a cabo el estudio de los cfectos de 10 mg de metadona administrados en dos contextos clinicos distintos, al momento de la inducccion de la anestesia y despues de la operacion. El grupo intraoperatoria recibi6 10mg de metadona i.v. al momento de inducci6n de la anestesia, como pane de una tecnica anestetica equih'brada. El grupo postoperatorio recibio 10 mg de metadona i.v. despues de la operacion, usandose bupivacaina extradural para el periodo de la operaci6n. Se empleo despues de la operacion en am bos grupos un sistema de analgfuia sobre pedido que proporcionaba metadona i.v. Se compararon en identical. Subsecuentemente, el grupo postoperatorio tuvo ambos grupos las tensiones arteriales sangre-gas, las concenmayores requisitos analgesicos signifkantes, lo que result6 en traciones de cortisol y de glucosa, los efectos analgesicos y las concentraciones mas altas de metadona en el plasma en la manana concentraciones de metadona en el plasma. La unica difcrencia siguiente. Entonces, la administracion de metadona despues de la mayor entre los dos grupos consistia en los requisitos en operadon pareda tener un efecto menos analgesico que la misma analgesia. Al momento de conectar el sistema sobre pedido, en los dosis administrada durantc la ope radon. Se discute de las razones dos grupos, las concentraciones de metadona en el plasma eran de esa situacidn.
